Neuronal plasticity is an important feature of the developing brain and requires neuronal circuits to reconfigure their functional connectivity depending upon activity patterns. To explore changes in neuronal function that occur downstream of altered activity, we performed an expression analysis in Drosophila mutants with acute or chronic alterations in neuronal activity. We find that seizure induction leads to an overproliferation of synaptic connections, indicating that activity-dependent neuronal rewiring occurs in Drosophila. To analyze transcriptional recoding during altered neuronal activity, we performed genome-wide DNA microarray analysis following multiple seizure induction and recovery paradigms. Approximately 250 genes implicated in cell adhesion, membrane excitability, and cellular signaling are differentially regulated, including the Kek 2 neuronal cell adhesion protein, which, as we demonstrate, functions as a regulator of synaptic growth. These data identify a collection of activity-regulated transcripts that may link changes in neuronal firing patterns to transcription-dependent modulation of brain function, including activity-dependent synaptic rewiring.
Introduction
Neurons perform a host of activity-dependent and independent processes, including pathfinding, synapse formation, and regulation of membrane excitability and synaptic strength. Within the basic framework of circuit function, neurons adapt to changes in innervation patterns and synaptic input via homeostatic compensation mechanisms that maintain neurotransmission within appropriate levels of excitation (Turrigiano and Activity-dependent changes in brain function and connectivity also occur in response to excessive neuronal firing during seizure episodes. Many epilepsy mutants cause specific patterns of secondary neuronal plasticity changes, including the transcriptional activation of genes that alter neuronal connectivity or function (Nedivi et al., 1993 ; Ben-Ari and Represa, 1990; Moore et al., 1996) . Completion of the Drosophila genome sequencing has revealed a remarkable conservation of the elements of neuronal signaling between invertebrates and vertebrates (Littleton and Ganetzky, 2000) . Thus, the mechanisms used by Drosophila to modulate neuronal excitability may be similar in mammals, providing an opportunity to survey seizure mechanisms and subsequent transcriptional responses in a model organism. To this end, we have identified and characterized Drosophila temperature-sensitive seizure mutants that increase neuronal excitability. These conditional mutants provide a seizure model for characterizing genome-wide transcriptional changes that may underlie long-term modification of neuronal function in response to activity. Here we describe a phenotypic characterization and microarray analysis of five independent Drosophila temperature-sensitive seizure mutants that increase neuronal activity. In addition, we have used conditional mutations in the Drosophila sodium channel (para) and presynaptic calcium channel (Dmca1A) to determine the effect of decreased neuronal activity on gene transcription. Together, these approaches have allowed us to characterize acute and chronic patterns of activity-regulated gene expression in the Drosophila brain and identify candidates for activity-dependent modulation of neuronal function.
Results

Conditional Induction of Seizure Activity in Drosophila
To characterize changes in synaptic connectivity and gene expression induced by alterations in neuronal activity, we employed genetic and pharmacological tools to modify neuronal firing patterns in Drosophila melanogaster. One class of well-characterized conditional mutations that perturb the function of the nervous system in Drosophila comprises the temperature-sensitive (TS) paralytic mutants . Behavioral paralysis in TS mutants can result from either loss of neuronal excitability and function or uncontrolled increases in neuronal activity following seizure induction. In addition, many TS mutants often have defective neuronal excitability even at permissive temperatures, which becomes further exacerbated at 38°C, causing behavioral dysfunction (Zinsmaier et al., 1994; Reickhof et al., 2003) . These mutants provide a tool to address homeostatic compensation mechanisms that occur in chronic states of altered membrane excitability.
To identify mutants that induce seizures, we analyzed previously characterized TS mutants by screening for recurrent spontaneous neural activity in the adult giant fiber system at 38°C (Figure 1) . The giant fiber flight circuit is important in escape responses and flight initiation and can be activated by stimulation of the brain, with extracellular recordings monitoring the firing of the dorsal longitudinal flight muscles (DLMs). The activation of the DLM flight muscles reflects the firing rate of the innervating motor neurons. Wild-type Drosophila (CS) display little to no detectable spontaneous activity when the temperature is raised to 38°C ( Figure 1A) (Rikhy et al., 2003) , suggesting that an imbalance between excitation and inhibition may account for seizures in sesB jive mutants. The zydeco locus was recombination and deficiency mapped to 20C in X heterochromatin, making cloning of the locus currently unfeasible due to a lack of genomic sequence information in this region. As a pharmacological method for seizure induction, we treated CS adults with the GABA(A) receptor blocker, γ-Hexachlorohexane (lindane) (Zhang et al., 1994) . By 15 min of exposure to lindane-treated test tubes, 100% of flies showed robust and vigorous convulsions and loss of motor coordination. Similar to the TS mutants at 38°C, spontaneous seizure activity was observed in lindane-treated animals at 20°C ( Figure 1J ).
Because many of the TS mutants previously characterized in Drosophila also alter neuronal function at the permissive temperature, we examined the effects of three of the TS seizure mutants on the output of the central pattern generator (CPG) that controls larval locomotion, by analyzing motor neuron bursting patterns in dissected third instar larvae with an intact nervous system. In CS at 21°C, we observed bursts of motor activity at a frequency of approximately 0.1 Hz, with burst durations averaging 5 s (Figures 2A and 2B) . The rhythmic pattern of the CPG output is still maintained in CS shifted to elevated temperatures, with an increase in the burst frequency (Figure 2A) . Similar to what we observed in DLM recordings from adult mutants, shifts to 38°C in sei ts1 , slo ts1 , and zydeco resulted in a complete loss of CPG-patterned output, with a conversion of the normal regulated bursting to continuous seizure activity (Figure 2A ). These seizures are completely eliminated by cutting the nerve, demonstrating that they arise from abnormal neuronal activity at 38°C. Strikingly, the opposite effect on neuronal activity was observed in sei ts1 , slo ts1 , and zydeco larvae analyzed at 21°C. In contrast to the enhanced excitability at 38°C, all three lines showed a reduction in CPG burst frequency at 21°C, with motor pattern bursts reduced by approximately half compared to those in CS (sei ts1 , p < 0.0001; slo ts1 , p < 0.0005; zydeco, p < 0.02, Student's t test), with no change in burst duration (Figure 2B ). These findings suggest that chronic homeostatic changes occur during states of enhanced excitability, resulting in a decrease in the output of the CPG locomotor circuit.
To determine the effects of increased activity on neuronal connectivity, we analyzed synaptic morphology in the TS seizure mutants following a developmental heat shock paradigm that shifted animals from 25°C to 37°C for 75 min twice a day throughout development. As shown in Figure 2A , shifts to the nonpermissive temperature in third instar mutant larvae result in continuous seizure activity. We performed immunocytochemistry on heat-shocked wandering third instar larvae with anti-Synaptotagmin 1 (Syt 1) antibodies to quantify synapse proliferation at muscle 6/7 neuromuscular junctions. The seizure-inducing paradigm resulted in overproliferation of synaptic varicosities by 30%-90% in mutants compared to controls treated in an identical manner ( Figures 2C-2I Figures 3A and 3B) , suggesting activation of the ERK pathway as previously described in Drosophila (Hoeffer et al., 2003) . Likewise, microarray analysis (see below) revealed upregulation of the Drosophila fos homolog, kayak, following seizure induction in all of the mutants, suggesting that TS seizure mutants can be used to characterize conserved activitydependent transcriptional responses.
To identify transcriptional changes induced by differential activity patterns in the Drosophila brain, we used Affymetrix DNA microarrays to detect differences in gene expression in the TS mutants and in wild-type animals treated with lindane. The Affymetrix Drosophila chip covers most of the estimated 14,000 ORFs predicted from the Drosophila genome, allowing a survey of the majority of the genome for activity-regulated gene expression. For each chip used in our analysis, we isolated RNA from 600 pooled heads (to enrich for neuronal transcripts and reduce individual variability in gene expression) taken from unmated males that had been separated shortly after eclosion and aged 3 days at 25°C. We also performed our heat shocks so that the animals were sacrificed at the same time of day (2:00 to 4:00 p.m.) to reduce circadian-related gene expression changes. Using age-, sex-, and time-matched controls, we find that approximately half of the genes on the microarray are detectable in Drosophila adult heads, with a significant fraction of the remaining genes falling just below the detection limit. A sample of expression levels for relevant subpopulations of neuronally enriched genes is shown in Figure 3C . We can detect numerous broadly expressed mRNAs encoding synaptic vesicle trafficking proteins, ion channels, and synapse assembly proteins. In addition, we can detect distinct neurotransmitter subsystems, including glutamatergic, cholinergic, GABAergic, and dopaminergic transcripts, as well as glial-specific gene products. However, we cannot detect many olfactory receptors that are expressed in single neurons, using our protocols. In addition, low-abundance transcripts in relevant candidate plasticity genes like the cell adhesion molecules Fas 2 and Volado are below our detection.
Given that gene expression is temporally regulated following seizure induction, we employed multiple experimental conditions to identify distinct phases of activity-regulated expression changes. For all experiments, we used CS male Drosophila of the identical age and rearing/heat shock conditions as controls. We assayed gene expression changes between control and TS mutants, and between TS mutants with and without a heat pulse, using the following paradigms: (1) at room Table S4 ).
with this article online) included the Affymetrix Microarray Suite MAS 5.0, Student's t test, the Mann-Whitney U test, and robust multiarray average (RMA) analysis with the LPE test (Irizarry et al., 2003) .
As seizure activity in the mutants is induced by a temperature shift, we first established the background gene expression changes that occur in response to high-temperature pulses. Experiments using CS flies with ( Figure 3F ) or without ( Figure 3E ) a heat pulse were compared. The heat pulse paradigm elicited a greater than 1.5-fold change in gene expression for 38 genes in Drosophila heads, including heat shock proteins/ chaperones that are expected to be transcriptionally upregulated ( Figure 3F , Table S4 ). Very few neuronalspecific genes showed any alteration in transcript levels, confirming that heat shock alone does not generate a significant barrier to the detection of activityregulated genes in our TS mutants. A second set of controls was performed to eliminate metabolic effects from short-term starvation following heat shock. It was observed that the TS mutants failed to resume proboscis extension for eating/drinking for a significant period following seizure episodes. We therefore performed control experiments on CS that were starved for 8 hr prior to RNA isolation, for comparisons, to reduce this element of transcriptional regulation from our analysis (Table S5) . A final set of experiments was performed on two TS mutants that have the opposite effect on neuronal excitability, Dmca1A NT27 and para ts1 . Both of these mutants reduce neuronal excitability, either by decreasing presynaptic calcium influx in the case of the N-type calcium channel mutant Dmca1A NT27 (Reickhof et al., 2003) or by reducing sodium channel function in the case of para ts1 (Loughney et al., 1989) . These experiments allowed us to characterize the effects of decreased neuronal activity on gene transcription (Table S1) and to compare responses to conditions that enhance neuronal activity (Tables 1 and 2 ).
Verification of Activity-Regulated Transcripts in the Drosophila Brain Several patterns of altered gene expression were apparent in our comparative analysis. First, a specific set of genes were altered in the TS seizure mutants even in the absence of a heat shock (Table 1 , and see Table  S6 for complete list), while certain genes showed transcriptional changes only after seizure induction ( Table  2, see Table S7 for complete list) or in states of reduced excitability (Table S1 ). The first class of genes could be classified into two categories: (1) transcripts altered in only one mutant background, likely representing specific compensation or secondary responses to the mutated gene product, and (2) . To explore this activity-dependent transcriptional regulation in more detail, we generated antisera against a recombinant Kek 2 protein. Western analysis revealed a similar translational profile for Kek 2, with increased expression in hyperexcitable sesB jive mutants and reduced expression in para ts1 , compared to controls ( Figure 4D ). To extend our microarray results, we examined in situ expression patterns in adult head sections for several of the transcripts (Figures 4H-4R) . flw, a serine/threonine phosphatase, was found to be upregulated in several seizure mutants, though previous phenotypic analysis of flw mutants focused on its role in myofibrillar organization in the flight muscles. flw was expressed abundantly throughout the nervous system ( Figure 4J ), suggesting that many of the activity-regulated transcripts that we have identified with defined roles in non-neuronal tissues may also function in the modulation of neuronal plasticity. Similar to flw, the activityregulated transcripts encoding the potassium-dependent sodium/calcium exchanger Nckx30C ( Figure 4I ) and the Methuselah-like G protein-coupled receptor (GPCR) CG16992 ( Figure 4L ) were broadly expressed throughout the nervous system, suggesting that their transcriptional modulation by activity might play general roles in altering neuronal function. In contrast to these broadly expressed genes, the upregulated Methuselah-like GPCR CG13406 ( Figure 4M ) and the acetylcholinesterase homolog GH05741 ( Figure 4N ) were expressed at low levels in the brain. Other transcripts, such as CG1909 (Figure 4K ), the Drosophila acetylcholine receptor-anchoring protein homolog of rapsyn, was absent from photoreceptors, which use histamine as their neurotransmitter, but was abundant in central brain areas predicted to be cholinergic. For two transcripts, kek 2 and CG3367, we compared expression patterns between control animals and sei ts1 hyperexcitability mutants (Figures 4O-4R) . kek 2 was present at low levels throughout the nervous system of control animals, but was abundant in brains of sei ts1 mutants, indicating that kek 2 is upregulated throughout the nervous system by increased activity, as opposed to a restricted upregulation in a subset of neurons. Likewise, the tandem pore potassium channel CG3367, which was specifically found to be upregulated only in sei ts1 , was expressed broadly in the nervous system of control animals and upregulated throughout the brain in sei ts1 .
Classes of Activity-Regulated Transcripts in Drosophila
To categorize genes that were transcriptionally regulated by chronic (Table 1) or acute (Table 2) increases in neuronal excitability, we performed a BLAST analysis for each transcript to identify known homologs and previously characterized structural domains. The genes were then categorized according to known or putative functions based upon sequence similarity as indicated in the tables (see Tables 1 and 2 ). As a general rule, gene products with predicted roles in the modulation of membrane excitability, synaptic transmission, and cell adhesion were more likely to be transcriptionally regulated in chronic states of altered neuronal activity. In contrast, acute alterations in neuronal firing properties lead to more robust changes in gene products implicated in cell signaling, cytoskeletal regulation, and metabolism. Several gene products identified in our microarray screens corresponded to Drosophila homologs of previously identified activity-regulated transcripts found in mammals, including the intermediate early genes fos and jun, the CCAAT element binding protein encoded by c/EBP, the cytoskeletal regulator Arc, and the early growth transcription factor Stripe. In addition, we identified many previously characterized transcripts with defined roles in the nervous system, but whose regulation by neuronal activity had not been previously reported. These included regulators of cytoskeletal function and synaptic growth, such as Highwire, Fax, Cheerio, Bazooka, Trio, Kelch, RacGAP50C, C3G, VAP-33A, SCAR, and Neurofibromin. Several previously studied regulators of membrane excitability were also identified, including the sodium/calcium exchanger Nckx30C, 
Functional Analysis of the Activity-Regulated Kek 2 Neuronal Cell Adhesion Molecule at the Neuromuscular Junction
Given the connection between increased neuronal activity and synaptic growth observed, we were interested in identifying activity-regulated gene products that might contribute to this structural plasticity. As previously mentioned, our screen uncovered known regulators of synaptic growth in Drosophila, including VAP-33A, Bazooka, Highwire, and Trio. In addition to these known synaptic growth regulators, we also identified several members of the Kekkon family of cell adhesion molecules (CAMs) that were activity regulated in TS seizure mutants, prompting us to test whether they might function in regulating synaptic connectivity. The Kekkon family of CAMs encodes type 1 transmembrane proteins with extracellular LRR and Ig repeats ( Figure  5A ) and is broadly conserved across evolution from invertebrates to humans (MacLaren et al., 2004) , though their function is largely unknown. From our microarray analysis, the bidirectional regulation of the kek 2 locus by either increases or decreases in excitability made it an interesting transcriptional target for potential modulation of synaptic connectivity. Although no genetic manipulations of kek 2 have been reported, the gene is abundantly expressed in the developing Drosophila CNS (Musacchio and Perrimon, 1996) . Kek 2 contains a PDZ binding motif at the C terminus and can undergo homotypic and heterotypic adhesion with other members of the Kekkon family of cell adhesion proteins in vitro (MacLaren et al., 2004) , suggesting that Kek proteins might form trans-synaptic cell adhesion complexes that organize additional synaptic components through PDZ-dependent interactions.
To test the effects of upregulation of Kek 2, we generated UAS-kek 2 transgenic lines and drove overexpression with the neuronal driver elav C155 -Gal4, resulting in Figures 5C and 5D ). Ectopic expression in the eye disks where Kek 2 was not normally found confirmed that our antisera recognized the Kek 2 protein in vivo ( Figures 5C and 5D ). In wild-type larvae, endogenous Kek 2 immunoreactivity was found in a punctate pattern along axonal tracts and at NMJs, with a specific enrichment in presynaptic terminals ( Figure 5G ). Following overexpression, Kek 2 was abundant in both neuronal cell bodies and in the synaptic neuropil of embryos and larvae ( Figures 5E and 5H To test the effects of Kek 2 upregulation on synaptic structure at the NMJ directly, we overexpressed the protein either presynaptically with the elav C155 -Gal4 neuronal driver, postsynaptically with the Mhc-Gal4 muscle driver, or in both compartments using the elav and Mhc drivers together or a general heat shock-Gal4 driver. We then quantified the varicosity number in control and overexpression strains. Overexpression of Kek 2 in the presynaptic compartment resulted in a 31% decrease in varicosity number (Figures 6A and 6B ; p < 0.005, Student's t test), as well as a decrease in axonal arborization over the muscle surface. In contrast, overexpression in the postsynaptic compartment alone caused only a 10% decrease in varicosity number (Figure 6A) . The effects of overexpression of Kek 2 on both sides of the synapse were tested by driving UAS-kek 2 with elav-Gal4 and Mhc-Gal4 in the same animal or by a heat shock-Gal4 and a developmental heat shock paradigm. In both cases ( Figures 6A, 6C, and 6D) , overexpression of Kek 2 on both sides of the synapse caused a more severe depression of synaptic growth than that caused by overexpression in only one compartment, resulting in a 40%-50% decrease in varicosity number (p < 0.001, Student's t test). Thus, upregulation of Kek 2 may serve to stabilize synaptic boutons, reducing budding mechanisms that would normally drive additional synaptic growth.
To extend our studies of the function of the activitydependent kek 2 transcript, we employed RNAi to analyze the effect of downregulation on synaptic growth. We performed RNAi delivery by microinjection of either long interfering dsRNAs or short interfering dsRNAs (siRNA) during embryogenesis, and we monitored synaptic growth at the wandering stage of third instar larval development. As a positive control for long interfering dsRNA, we analyzed the effects of knockdown of VAP-33A at the NMJ. RNAi inhibition of VAP-33A in embryos resulted in reduced VAP-33A protein expression by Western analysis ( Figure 6E ) and a decrease in varicosity number (Figure 6F , suggesting that increased expression occurs widely throughout the CNS.
viously described in syt 1 mutants (Yoshihara and Littleton, 2002) and strongly reduced Syt 1 immunoreactivity at third instar NMJs ( Figure 6F ). As a negative control, we injected either buffer alone or double stranded RNA to the activity-regulated transcript, GH05741, encoding an acetylcholinesterase homolog that would not be predicted to be present at glutamatergic NMJs. RNAimediated reduction of GH05741 caused no defects at the NMJ. As expected, RNAi knockdown of Kek 2 reduced expression levels of the protein by Western analysis ( Figure 6E ). Similar to RNAi-mediated depletion of VAP-33A, reduction in Kek 2 levels caused a large reduction in varicosity number (p < 0.001, Student's t test) and a significant reduction in the number of axonal branches at the muscle 6/7 synapse (p < 0.001, Student's t test) (Figures 6F-6H) . To confirm the effects of loss of Kek 2, we generated two sequencespecific siRNA duplex oligonucleotides, together with scrambled controls for both. siRNA-mediated disruption of Kek 2 efficiently reduced expression of the pro- tein by Western analysis ( Figure 6I ) and reduced synaptic varicosity number (p < 0.001, Student's t test) ( Figure  6J ). The reduction in synaptic growth was similar to that observed following overexpression of Kek 2 ( Figures  6A-6D) , suggesting that the absolute levels of Kek 2 are important in regulating synaptic varicosity number. Similar observations have been made following manipulations of the Fas 2 periactive zone NCAM at the NMJ, where the absolute levels of Fas 2 are essential in regulating synaptic growth (Schuster et al., 1996) . In summary, overexpression and RNAi-mediated disruption of Kek 2 indicate that it functions as an activity-regulated modulator of synaptic growth.
Discussion
Synaptic modifications that occur downstream of acute or chronic changes in neuronal activity are one of the most intensively studied properties of neuronal systems, although the cellular mechanisms for expression of such plasticity remains largely unknown. To identify changes in neuronal function that occur downstream of altered activity, we performed DNA microarray analyses using Drosophila mutants that can alter neuronal activity in both acute and chronic fashion. We took advantage of the altered excitability afforded by a unique collection of TS paralytic and seizure mutations that change neuronal firing properties by altering cellular excitability. By following changes in gene expression after numerous seizure induction and recovery paradigms, we identified over 250 transcripts that show transcriptional regulation in seizure-inducing mutants.
To reduce individual variability in gene expression across Drosophila sample populations that were age-, sex-, and circadian activity-matched, we pooled RNA from 600 individual heads to assay single microarray chips. By using only heads, we enriched the sample for neuronal transcripts and increased the sensitivity of our assays. However, our analysis, using the Affymetrix chips, is limited by detection biases associated with gene abundance. Although we could identify transcripts from a host of different neurotransmitter subtypes, the microarrays were generally not sensitive enough to detect olfactory receptors expressed in single neurons or low-abundance transcripts with restricted expression patterns. Therefore, our screen is biased for detecting transcriptional changes in moderate-to-highly-expressed genes that occur in many neurons or for detecting robust increases in low-expression genes. In addition, a subset of the transcripts identified in our analysis are likely to be altered independent of activity, for example, secondary to other defects occurring in the mutants. Thus, our analysis is not a full account of activity-dependent transcriptional regulation in Drosophila, but does provide a large-scale survey of activity-regulated transcription and a basis for systematic genetic studies into the mechanisms underlying transcriptional regulation of synaptic plasticity.
Based on our analysis, we can begin to build models for how transcriptional changes in gene expression might contribute to acute or chronic states of altered neuronal activity. As expected, transcriptional upregulation dominated the response to acute changes in neuronal activity. During chronic states of altered activity in which homeostatic responses likely dominate, we observed both transcriptional upregulation and downregulation. In response to chronic activity changes, we uncovered evidence for alterations in both membrane excitability and synaptic structure. For example, downregulation of the Ih hyperpolarization-activated potassium channel observed in many of the seizure mutants is likely to facilitate burst firing of neurons, leading to further enhancements in membrane excitability. Similarly, reductions in α-SNAP expression have been shown to increase quantal content during neurotransmission (Babcock et al., 2004) . Several ion channels were also directly regulated by chronic changes in activity, including novel AMPA-like (CG3822) and δ-class glutamate receptors (CG8533), the acetylcholine receptor nAcRb-64B, the GABA receptor Lcch3, and the hyperkineticencoded potassium channel β-subunit. We did not detect many changes in ion channels following acute alterations in activity, indicating that such effects are likely to be more important in homeostatic responses to chronic alterations in neuronal firing patterns. However, we did identify acute changes in putative synaptic vesicle neurotransmitter transporters, including the acetylcholine transporter VAChT and a putative glutamate transporter, CG3036. Seizure activity also resulted in the acute upregulation of the synaptic vesicle calcium sensor, Syt 1. Previous studies in Drosophila have demonstrated that a 50% reduction in Syt 1 levels reduces quantal content by half (Yoshihara and Littleton, 2002) , while overexpression of Syt 1 in mammals has been shown to dramatically increase quantal content (Han et al., 2004 ). Therefore, the expression level of Syt 1 may act as a control point for synaptic transmission at mature synapses.
During both chronic and acute alterations in neuronal excitability, we observed transcriptional responses that would be predicted to alter synaptic structure. Activitydependent structural changes have been reported in several mammalian plasticity models (Reisman, 1969 In summary, we have uncovered a robust transcriptional response to altered neuronal activity in Drosophila. Our findings provide an overview of how transcriptional recoding in neurons may trigger persistent changes in synaptic function. In addition to the classical ERK-dependent CREB response, we identified transcriptional responses suggesting that activity-dependent changes in synaptic strength are likely to occur secondary to alterations in membrane excitability, synaptic transmission, and synaptic structure. The genes and potential pathways identified in our study provide the foundation for a systematic genetic analysis of activity-dependent transcriptional plasticity in a model system in which changes in both synaptic structure and function can be characterized. , and sei ts1 mutants were placed in the CS genetic background. 
Experimental Procedures
Drosophila Genetics and Sequencing
Western and Immunocytochemical Analyses
Morphological Analysis
Immunostaining was performed on wandering third instar larvae after rearing at the indicated temperatures. For developmental heat shocks, flies were allowed to lay eggs for 2 hr at 25°C, and the adults were then removed. The vials containing eggs were maintained at 25°C and heat shocked for 75 min twice a day beginning at 12 hr after egg-laying. Larvae were dissected in Drosophila HL3.1 saline and fixed in 4% formaldehyde for 45 min before staining with anti-Syt 1 (Littleton et al., 1993) antibodies at 1:1000. Immunoreactive proteins were visualized on a Zeiss Pascal confocal microscope using fluorescent secondary antibodies (Molecular Probes, Chemicon, Jackson Labs). Rhodamine-phalloidin was used for staining muscles for surface area measurements. Confocal images were quantified for varicosity number, synapse branch number (with at least five boutons in each branch), and muscle surface area. Anti-DLG and anti-Fas 2 (Developmental Studies Hybridoma Bank) were used at 1:1000. Anti-nc82 (provided by Alois Hofbauer) was used at 1:50.
Microarray Analysis
Microarrays were performed with Affymetrix Drosophila GeneChips using biotinylated cRNA according to the laboratory methods described in the Affymetrix GeneChip Expression Analysis Technical Manual. RNA was isolated from heads of male flies 3 to 4 days posteclosion at room temperature. All flies were sacrificed between 2:00 and 4:00 p.m. to reduce any circadian-dependent transcriptional changes, and RNA was obtained as described in the Supplemental Experimental Procedures. A summary of the expression level for each gene under every experimental condition based on Affymetrix detection algorithms (Table S2 ) and RMA algorithms (Table S3) provides a large data-rich resource for analysis by other investigators using additional rapidly developing microarray tools. 
In Situ Hybridization to Brain Sections
Dig-11-UTP-labeled antisense and sense RNA probes were prepared using T7 polymerase (Ambion). Adult Drosophila were placed into collars after CO 2 anesthesia and embedded in frozen OCT on dry ice, after which 16 m tissue sections were collected on a cryostat (Leica) and dried at room temperature for 30 min to 3 hr. The sections were processed as described (Nighorn et al., 1991) except for the in situ hybridization temperature (63°C). The list of primers for making in situ hybridization probes is found in the Supplemental Experimental Procedures.
dsRNA Interference
Wild-type embryos were collected at stage 5, dechorionated, mounted on coverslips with double stick tape, and allowed to desiccate for 6 min at 18°C. The embryos were covered with halocarbon oil and injected with w33 pl of a 1.5 g/l solution of the long interfering dsRNAs, 50 M of the short interfering dsRNAs (siRNAs) in injection buffer, or injection buffer alone. Sequences of siRNAs and primers for making long interfering dsRNA are described in the Supplemental Experimental Procedures. Following injection, embryos were incubated at 18°C until hatching and transferred to grape juice agar plates supplemented with yeast paste. Larvae were allowed to develop to wandering third instar stage at 22°C and then were processed for immunocytochemistry. Wang, P., Saraswati, S., Guan, Z., Watkins, C., Wurtman, R.J., and
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